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Abstract—Respiratory gating and motion correction can increase
resolution in PET chest imaging, but require a respiratory signal.
Data-Driven (DD) methods aim to produce a respiratory signal
from PET data, avoiding the use of external devices. Principal
Component Analysis (PCA) is an easy to implement DD algorithm
whose signals, however, are determined up to an arbitrary factor.
The direction of the motion represented by its signal has to be
determined. In this work we present the extension to TOF data of
a previously presented sign-determination method. Furthermore,
we propose the application of a selection process in sinogram
space, to automatically select the areas of the data mostly affected
by respiratory motion. The performance of the updated sign-
determination method is evaluated on patient data, and the effect
of TOF information and masking process is investigated also in
terms of quality of the PCA respiratory signal.
Index Terms—PET, PCA, respiratory motion, sign determination
I. INTRODUCTION
PATIENT respiratory motion is one of the major causesof degradation of PET images when imaging the chest.
In order to reduce this effect, respiratory gating and subse-
quent motion correction are advisable, therefore a respiratory
signal is needed. In clinical practice this is obtained using
external devices that detect the respiratory motion, whereas
it has been shown that Data-Driven methods can produce a
reliable respiratory signal while only requiring the use of the raw
data [1]. Among the Data-Driven methods available, Principal
Component Analysis (PCA) is an easy to implement algorithm
that produces reliable respiratory signals [2], however its signals
are determined up to an arbitrary factor. The direction of the
motion represented by the PCA signal has to be determined in
order to perform motion correction correctly. In previous work,
we have developed a method to determine the direction of the
PCA signal for non-TOF PET data [3]. However, TOF provides
increased spatial information [4] that benefits the PCA method
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[5], therefore in this work we extend the sign determination
method to TOF data. We show that the method’s performance
improves with the use of TOF sinograms, together with the
selection of the central part of the sinogram data. Additionally,
the quality of the PCA respiratory signal is also evaluated.
II. METHODS
We briefly describe the PCA method on non-TOF data (see
[2] for details), that will later be extended to the TOF case.
PCA is applied to listmode data unlisted into sinograms with
time resolution of 500ms, that are spatially downsampled to
decrease the noise. The final sinogram is defined as d(r, z, φ, t).
The respiratory PC is the one whose weight factor w(t) has the
highest peak in the respiratory frequency band (as in [2]) and is
representative of the respiratory-induced changes in the data.
The assumption at the base of the sign-determination method
in [3] is that this motion is mostly in the axial direction. In [3]
a factor is created from the raw data, simulating the effect of
rigid motion in the axial direction, that attempts at recreating
the features of the respiratory PC and is related to a motion
in a known direction (i.e. where maxima in the displacement
correspond to the end-inhalation state). This factor is referred to
as WeightedGradSino and it is in sinogram space. To generate
its temporal signal (equivalent to the weight factor for the res-
piratory PC) the inner-product between the WeightedGradSino
and the dynamic sinogram d(r, z, φ, t) is evaluated:
u(t) =
∑
r,z,φ
WeightedGradSino(r, z, φ)d(r, z, φ, t) (1)
This signal is generated so as to have an established relationship
with the true patient motion (present in the data), therefore
comparing it with the PC signal u(t) will determine whether
the latter needs to be corrected (by flipping its sign). This com-
parison is performed via evaluation of the Pearson correlation
between u(t) and w(t) :
corr(w, u) =
∑
t(w(t)− w)(u(t)− u)√∑
t(w(t)− w)2(u(t)− u)2
(2)
when this value is found negative the sign of the PC signal needs
to be corrected. This method will be referred to as CorrWeights,
as it is the correlation between the weight of the PC and of that
of the WeightedGradSino.
When TOF-PET data is available, the raw data can be unlisted
into 5-dimensional TOF sinograms, with the added dimension
2given by the TOF bin: d(r, z, φ, τ, t). The PCA method and the
sign-determination method can be easily extended to be applied
to these 5-dimensional sinograms. In our previous work, we have
shown that applying PCA on the parts of the TOF sinogram
more likely to be affected by respiratory motion increases the
quality of the PCA signal by avoiding non-respiratory changes
presented in the data [5] (e.g. bulk motion, arm motion). Here we
investigate the effect on the sign determination when specifically
targeting the area of the TOF sinograms where the assumption
that variation in the data is due to axial motion is likely to be
correct.
The selection of the data to be given as input to PCA
(for the respiratory signal extraction) and for the creation of
the WeightedGradSino and its signal u(t), was performed by
creating a cylinder (diameter 20cm) in image space with value 1
and 0 outside, placed at the center of the FOV, and then applying
non-TOF and TOF forward-projection to obtain the areas in
the sinogram that are comprised within its volume. A binary
mask was created assigning a value of 1 to all the non-zero
elements in the sinogram and 0 elsewhere. The non-TOF and
TOF sinogram data were then masked with the corresponding
cylinder sinogram and the result was used as input to PCA and
to the sign-determination algorithm.
The correlation between w(t) and u(t), that is the decision
metric for correcting the sign of the PCA generated signal,
was evaluated with and without the pre-selection of the data
in the non-TOF and TOF case. The Pearson correlation of the
PC respiratory signal with the external device signal was also
evaluated to investigate whether using selected data increases
the quality of the PCA output.
The analysis was performed on 28 FDG oncology patient
datasets using activity levels according to routine clinical pro-
tocols (16 patients acquired on Discovery 690 PET/CT and 12
patients acquired on Discovery 710 PET/CT). The duration of
the acquisitions ranges from 180s to 300s. The acquisitions were
monitored by the Varian® Real-time Position ManagementTM
(RPM) device, and its signal was utilised to check on the
direction of the PCA signal after sign correction. The TOF
resolution of the scanners is 550ps [6], and data are acquired in
55 TOF bins, of 89ps width. The listmode files were unlisted to
a time resolution of 500ms in non-TOF sinograms, and also in
TOF-sinograms with a total number of TOF bins of 5 and 11
(where 11 and 5 TOF bins were summed together, respectively).
For each patient the sinograms were also subdivided in
independent shorter time intervals of 25s, 50s, 100s, 200s and
300s (for the longest studies) in order to assess the performance
of PCA and the sign-determination method on smaller amount of
data. To evaluate the performance with fewer counts, data was
also unlisted into sinograms with random rejection of counts,
keeping a percentage of the total counts equal to 3%, 6%,
12.5%, 25% and 50%. For this sub-study, the total duration
of the sinogram was chosen as 180s (duration of the shortest
acquisitions).
III. RESULTS
In Fig. 1 the coronal view of one patient sinogram is shown
after multiplication with the cylindrical mask. It can be seen
(a) (b)
Fig. 1: (a) Example of the coronal view of the TOF projections
for the 3rd TOF bin, that corresponds to the central area. (b)
2nd bin, that corresponds to areas further away from the center
of the FOV. The shaded area is the part that is masked away
when using the cylindrical mask.
that the result of the selection in sinogram space corresponds to
the central part of the patient (the darker areas in the sinogram
are the lungs), therefore disregarding the outer areas where no
respiratory motion is expected to occur. Note that in the TOF
case the proposed masking process also selects different TOF
bins, therefore effectively removing parts of the TOF projection
data that include counts generated outside of the 20cm cylinder
volume.
A. Analysis with respect to shorter intervals
Figure 2 shows the mean value of the correlation of the PCA
respiratory signal with the RPM, averaged over all patients, for
all the different interval durations taken into account. Figure 3
shows the correlation with the RPM as boxplots for the two most
extreme case: shortest and longest duration (25s and 300s).
Figure 4 and 5 show the mean of the CorrWeights value
averaged over all patients for all interval durations, and then the
boxplot for the 25s and 300s cases. Table I shows the failure
rate of the method in determining the correct direction of motion,
evaluated on all intervals taken into account (583 in total).
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Fig. 2: The mean values for each interval duration are obtained
averaging the correlation with the RPM of the signals obtained
for all patients. This process is applied for all the various data
configurations: non -TOF sinograms without and with masking
(respectively nTOF w/o m and nTOF w/ m); TOF sinograms
with 5 and 11 TOF bins without and with masking (respectively
5TOF w/o m and w/ m and 11TOF w/o m and w/ m).
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Fig. 3: Boxplot of the correlation with the RPM for the two most
extreme cases: the shortest intervals (25s, 322 total intervals) and
the longest ones (300s, 16 total intervals).
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Fig. 4: Mean of the CorrWeights value (see Eq. 2) for all the
evaluated intervals for all the various data configurations (as in
Fig.2) .
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Fig. 5: Boxplots of the CorrWeights values with respect to the
interval duration for all the various data configurations, for the
25s and 300s intervals.
B. Analysis with respect to fewer counts
Figure 6 shows the mean value of the correlation of the PCA
respiratory signal with the RPM, averaged over all patients, for
all the different percentages of utilised counts. Similarly, Figure
7 shows the mean of the CorrWeights values, and Figure 8
the spread of the values for all data configurations with 12.5%
and 100% of the data. Table I shows the failure rates of the
TABLE I: Failure rate of the method in determining the correct
direction of motion, on all intervals taken into account (with
duration equal to 25s, 50s, 100s, 200s and 300s, for a total of
583 intervals).
non-TOF
w/o m
non-TOF
w/ m
5TOF
w/o m
5TOF
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11TOF
w/o m
11TOF
w/ m
2.7 1.0 0.7 0.5 0.9 0.9
sign-determination method for all data configurations and for
all count levels.
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Fig. 6: Mean value of the correlation of the PCA signal with
the RPM, averaged over all patients, for all count levels.
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Fig. 7: Mean of the output values of CorrWeights, averaged over
all patients, for all count levels.
TABLE II: Failure rate of CorrWeights in determining the correct
direction of motion, on all the 28 patients, for the all the various
percentages of utilised counts.
%
non-TOF
w/o m
non-TOF
w/ m
5TOF
w/o m
5TOF
w/ m
11TOF
w/o m
11TOF
w/ m
3 0.14 0.10 0.07 0.04 0.04 0
6 0.04 0.2 0.07 0.04 0.04 0
12.5 0.18 0.07 0.04 0 0 0
25 0.21 0.07 0.07 0 0 0
50 0.07 0.07 0.04 0 0 0
100 0 0 0 0 0 0
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Fig. 8: Boxplots of the CorrWeights values for all the various
data configurations, for the 12.5% and 100% of the counts.
IV. DISCUSSION
The quality of the PCA respiratory trace and the performance
of the sign-determination method have been evaluated, both
on shorter time intervals and datasets with varying amount of
counts. When using shorter time intervals, the use of the TOF
sinograms (5 or 11 TOF bins) and of the cylindrical selection
only had a small impact on the overall quality of the respiratory
signal produced by PCA, as the mean values of the correlation
with the RPM are slightly higher with TOF sinograms and
use of the cylindrical masking, but the spread in the values is
comparable to the non-TOF case without masking (see Figures 2
and 3). However, with regards to the sign-determination process,
the exploitation of TOF information has proven to be beneficial,
as the CorrWeights method yields higher values than in the non-
TOF case and the failure rate decreases (see Figures 5 and 4 and
Table I).
Moreover, the further application of a cylindrical mask in
sinogram space, to select the central part of the data, has resulted
in even higher CorrWeights values and therefore in a more robust
method to correct the sign of the PCA signal.
When applying the methods on datasets with fewer counts, the
use of TOF sinograms and masking improves both the quality
of the respiratory signal (evaluated as correlation with the RPM,
see Figure 2) and the performance of CorrWeights (see Figures
7 and 8). In particular, the failure rate of CorrWeights is null
when utilising 11 TOF bins sinograms with the application of
the cylindrical mask, as shown in Table II.
V. CONCLUSION
The extension of the CorrWeights sign-determination method
to TOF, together with the application a cylindrical mask in
sinogram space, has proven to be beneficial, as the method’s
output value increases and the failure rate decreases. The method
has shown an improved performance both on short time in-
tervals and datasets with fewer counts. Furthermore, the PCA
respiratory signal has shown increased similarity to the RPM
when using fewer counts if applied on TOF sinograms with
cylindrical masking. No noticeable difference has been found in
the case of shorter time intervals. In conclusion, when TOF-PET
data is available and PCA Data-Driven respiratory detection is
performed, it is advisable to apply both PCA and the described
sign-determination method on TOF sinograms together with the
application of a cylindrical mask, in particular for low count
studies. The use of more TOF bins is beneficial.
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